This paper presents the single-and multiobjective optimization of a welded stringer-stiffened cylindrical steel shell.
Introduction
In the optimum design of stiffened circular cylindrical shells the basic question is whether a stiffened thin shell or an unstiffened thick shell is more economic. In our recent research we have answered this question comparing the costs of the two structural versions each optimized for minimum cost. In these studies the shell diameter has been kept constant [1] . It was shown that an optimum diameter could be found for stiffened and unstiffened versions. Depending on the horizontal deformation limit, the stiffened shell is usually more economic than the unstiffened one.
The preliminary calculation shows that, in the case of external pressure the cost increases when the shell diameter increases and vice versa. On the other hand, in the case of bending of stringer-stiffened shells an optimum diameter can be found. Our previous calculations showed, that both the stiffened and unstiffened versions had an optimum radius, in our numerical problem R opt = 2700 mm.
Cost difference was considerable only for radii smaller than the optimum, thus, the stiffening was economic only for these radii. For radii larger than the optimum, the difference between the thicknesses and between the costs was small, since the unstiffened shell can be realized with larger radius and not too large thickness.
It could also be seen that, for both structural versions the stress constraint was active for radii larger than R opt and the deflection constraint governed for radii smaller than R opt .
Recent studies [2] [3] [4] have shown that the economy of stiffened shells depends on loads (compression, bending or external pressure), design constraints (buckling, deflection of the whole structure) as well as the type and position of stiffeners (ringstiffeners, stringers or orthogonal stiffening, stiffeners welded outside or inside of the shell).
As a part of our systematic research related to stiffened cylindrical shells, in the present study a column is investigated subject to an axial compression and a horizontal force acting on the top of the column (Fig.1) . The column is fixed at the bottom and free on the top. It is shown that a shell stiffened outside with stringers can be economic, when a constraint on horizon-tal displacement of the column top is active. In order to decrease the welding cost of stiffeners, their cross-sectional area is increased, i.e. halved rolled I-section (UB) stiffeners are used instead of flat ones. The halved I-sections are advantageous, since the web can be easier welded to the shell than the flange. It should be mentioned that stringer-stiffening can also be economic in those cases, when the corresponding unstiffened version needs too thick shell (more than 40 mm).
The cross-section of the stiffened shell is constant along the whole height. Constraints on local shell buckling, on stringer panel buckling and on horizontal displacement are taken into account. The buckling constraints are formulated according to the DNV design rules [5] . The cost function to be minimized includes the cost of material, forming the shell elements into cylindrical shape, assembly, welding and painting.
In order to demonstrate the economy of the stiffened shell, the unstiffened version was also optimized in our previous work [1] .
Problem formulation
The investigated structure is a supporting column loaded by an axial and horizontal force (Fig. 1) . The horizontal displacement of the top is limited by the reasons of serviceability of the supported structure. Both the stiffened and unstiffened shell version are optimized and their cost is compared to each other. In the stiffened shell outside longitudinal stiffeners of halved rolled I-section (UB) are used. The cost function is formulated according to the fabrication sequence.
Given data are as follows: column height L, factored axial compression force N F , factored horizontal force H F , yield stress of steel f y , cost factors for material, fabrication and painting k m , k f , k p . The unknowns are the shell thickness tas well as the height h and number n s of halved rolled I-section stiffeners. The shell radius R is constant at this calculation.
The characteristics of the selected UB profiles are given in Table A1 in the Appendix.
In order to calculate with continuous values the geometric characteristics of an UB section (b, t w , t f ) are approximated by curve-fitting functions as follows: h approximately equals to the first number of the profile name (Table Curve 2D [7] ).
The approximate functions are given in Appendix. The surface to be painted is
3 The stiffened shell 3.1 Constraints 3.1.1 Shell buckling (unstiffened curved panel buckling) The sum of the axial and bending stresses should be smaller than the critical buckling stress 
t e is the equivalent thickness. The elastic buckling stress for the axial compression is
The elastic buckling stress for bending is
ρ b = 0.5 1 + R 300t −0.5 (10) Note that the residual welding distortion factor 1.5 − 50β = 1 when t >9 mm. The detailed derivation of it is treated in [8] .
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Stringer panel buckling
Since the effective shell part s e (Fig.1) is given by DNV with a complicate iteration procedure, we use here the simpler method of ECCS [9] s E = 1.9t E f y (16) if s E < s s e = s E if s E > s s e = s I se f is the moment of inertia of a cross section containing the stiffener and a shell part of width s e (Fig. 1) . For a stiffener of halved rolled I-section it is
Horizontal displacement
φ is selected as 1000. In our case the horizontal displacement limit is 15 mm. It causes a large rigidity at the structure.
In earlier calculations we determined that the deflection limit has a great effect on the dimensions, if they are strong enough. This is an approximate calculation. For earthquake safe design more precise calculation is needed to consider the sway, or interstorey drift limit.
The exact calculation of the moment of inertia for the horizontal displacement uses the following formulae ( Fig. 1) :
The distance of the center of gravity for the halved UB section is
The moment of inertia of the halved UB section is expressed by
The moment of inertia of the whole stiffened shell cross-section is
In earthquake calculations the used ratio between vertical and horizontal forces is 10 in this case. This is an approximation. For more precise calculation different factors should be consider according the Eurocode 8 to determine the proper value of horizontal force.
At calculation of the deformation we should exclude the partial safety factors, introduced at stress calculation. That is, why we divide by γ M in Eq. (23) .
The cost function
Fabrication sequence:
1 Fabrication of 5 shell elements of length 3 m without stiffeners. For one shell element κ axial butt welds are needed (GMAW-C) (K F1 ). For R <1909 κ = 2, for 1909< R <2865 κ = 3 and for 2865< R <3819 κ = 4.
2 The cost of forming of a shell element into the cylindrical shape is also included (K F0 ).
3 Welding of the whole unstiffened shell of 5 elements with 4 circumferential butt welds (K F2 ).
4 Welding of n s stiffeners to the shell with double-sided GMAW-C fillet welds. Number of fillet welds is 2n s . (K F3 ).
The material cost is
The cost of forming of a shell element into the cylindrical shape according to [4] is
Optimization of a stiffened cylindrical shellwhere is a difficulty factor expressing the complexity of the assembly and κ is the number of elements to be assembled
The fillet weld size is a w = 0.3t w , a wmin = 3 mm.
The fabrication cost is
The cost of painting is
(33) The total cost is
The optimum design process has the following three main phases:
1 preparation: selection of candidate structural versions defining the main characteristics to be changed, formulation of design constraints and cost function, 2 solution of the constrained function minimization problem by using efficient mathematical methods, 3 evaluation of results by designers, comparison of optimized versions, formulation of design rules, incorporation in expert systems.
The Particle Swarm Algorithm
There is a great number of methods available for single objective optimization as it was described in Farkas & Jármai [10] . Methods without derivatives like: Complex [11] , Flexible Tolerance, and Hillclimb. Methods with first derivatives such as: Sequential Unconstrained Minimization Technique (SUMT), Davidon-Fletcher-Powell, etc. Methods with second derivatives such as: Newton, SQP. There are also other classes of techniques like optimality criteria methods, or the discrete methods like Backtrack, the entropy-based method (Jármai [12] , Farkas et al. [13] ). Multicriteria optimization is used when more objectives are important to find the compromise solution (Osyczka [14] ).
The
f (x) is a multivariable non-linear function, g j (x) and h i (x) are non-linear inequality and equality constraints, respectively.
In the last two decades some new techniques appeared e.g. the evolutionary techniques, the genetic algorithm, Goldberg [15] , the differential evolution technique (Storm [16] , Storn & Price [17] ), the particle swarm algorithm (Kennedy & Eberhart [18] ), the ant colony technique (Dorigo et al. [19, 20] ). Some other high performance techniques such as leap-frog with the analogue of potential energy minimum ), similar to the FEM technique, have also been developed.
A number of scientists have created computer simulations of various interpretations of the movement of organisms in a bird flock or fish school (Millonas [24] ). The Particle Swarm Optimization (PSO) algorithm was first introduced by Kennedy [25] . The algorithm models the exploration of a problem space by a population of individuals; the success of each individual influences their searches and those of their peers. In our implementation of the PSO, the social behaviour of birds is mimicked. Individual birds exchange information about their positions, velocities and fitness, and the behaviour of the flock is then influenced to increase the probability of migration to regions of high fitness (Kennedy & Eberhard [26] ).
Particle swarm optimization has roots in two main component methodologies. Perhaps more obvious are its ties to artificial life in general, and to bird flocking, fish schooling, and swarming theory in particular. It is also related, however, to evolutionary computation, and has ties to both genetic algorithms and evolutionary programming. Particle Swarm optimizers are similar to genetic algorithms in that they have some kind of fitness measure and they start with a population of potential solutions, (none of which are likely to be optimal) and attempt to generate a population containing fitter members.
In theory at least, individual members of the school can profit from the discoveries and previous experience of all other members of the school during the search for food. This advantage can become decisive, outweighing the disadvantages of competition for food items, whenever the resource is unpredictably distributed in patches. Social sharing of information among conspeciates offers an evolutionary advantage: this hypothesis was fundamental to the development of particle swarm optimization.
Millonas [24] developed his models for applications in artificial life, and articulated five basic principles of swarm intelligence. The first one is the proximity principle: the population should be able to carry out simple space and time computations. The second one is the quality principle: the population should Per. Pol. Civil Eng. be able to respond to quality factors in the environment. The third one is the principle of diverse response: the population should not commit its activities along excessively narrow channels. The fourth one is the principle of stability: the population should not change its mode of behaviour every time the environment changes. The fifth one is the principle of adaptability: the population must be able to change its behaviour mode when it is worth the computational price.
Basic to the paradigm are n-dimensional space calculations carried out over a series of time steps. The population is responding to the quality factors pBest and gBest (gBest is the overall best value, pBest is the best value for a particle). The allocation of responses between pBest and gBest ensures a diversity of response. The population changes its state (mode of behaviour) only when gBest changes, thus adhering to the principle of stability. The population is adaptive because it does change when gBest changes.
The original PSO algorithm, proposed by Kennedy and Eberhardt in 1995 [26] , was inspired by the modelling of the social behaviour patterns of organisms that live and interact within large groups. In particular, PSO incorporates swarming behaviours observed in flocks of birds, schools of fish, or swarms of bees. A PSO algorithm is easy to implement in most programming languages, since the core of the program can be written in a few lines of code. It has been proven to be both fast and effective, when applied to a diverse set of optimization problems. PSO algorithms are especially useful for parameter optimization in continuous, multi-dimensional search spaces.
In performing a search in the multi-dimensional space associated with the optimization problem of the form (35-37), the PSO technique assigns direction vectors and velocities to each member (particle) of the swarm at their current positions. Each particle then "moves" or "flies" through the search space according to the particle's assigned velocity vector, which may be influenced by the directions and velocities of other particles in its neighbourhood. These localized interactions with neighbouring particles, propagate through the entire "swarm" of particles and results in the swarm as a whole moving to regions of the space closer to the solution of problem (35-37). The extent to which a particular particle influences other particles is determined by its so-called "fitness" along its trajectory of candidate solution points. The "fitness" is a measure assigned to each potential solution, and it indicates how good a particular candidate solution is relative to all other solution points. Hence, an evolutionary idea of "survival of the fittest" (in the sense of Darwinian evolution) comes into play, as well as a social behaviour component through a "follow the local leader" effect and emergent pattern formation [27] .
A more precise and detailed description of the particular PSO algorithm, as applied to penalty function formulation, and used in this study now follows.
Basic PSO algorithm
be f or e = ∞. Initialize a random population (swarm) of M particles (swarm members), by assigning an initial random position × 0 i (candidate solution), as well as a random initial velocityv 0 i , to each particle i, i=1,2,. . . ,M. Then compute simultaneous trajectories, one for each particle, by performing the following steps.
1 At instant k, compute the fitness of each individual particle i at discrete point x k i , by evaluating F(x k i ). With reference to the minimization (35-37), the lower the value of F(x k i ), the greater the particle's fitness.
be f or e then set N = 1, else set N = N + 1.
4 If N > N max or k > k max then STOP and set x* = g b ; else continue.
5 Compute new velocities and positions for instant k+1, using the rule: for i=1,2,. . . ,M:
where r 1 and r 2 are independently generated random numbers in the interval [0,1], and c 1 , c 2 are parameters with appropriately chosen values.
6 Set k = k + 1 and F g be f or e = F g ; go to step 2.
The technique is modified in order to be efficient in technical applications. It calculates discrete optima, uses dynamic inertia reduction and craziness for some particles [27] .
The method is derivative free, and by its very nature the method is able to locate the global optimum of an objective function. Constrained problems can simply be accommodated using penalty methods.
The interactive decision support program system contains several multiobjective optimization methods. They are the followings:
Min-max method, Global criterion method: type -1, Global criterion method: type -2, Weighted min-max method, Weighted global criterion method, Pure weighting method, Normalized weighting method. 
Optimization and results
The Particle swarm optimizer has been built into an interactive decision support program system (Jármai [28] ) which contains the following single objective optimization methods:
Flexible Tolerance (FT) method by Himmelblau [29] , Direct Random Search (DRS) [30] , Hillclimb (HI) method by Rosenbrock [31] , Davidon-Flecher-Powell (DFP) method by Rao [32] , Particle Swarm Optimization (PSO), Jármai et al. 2003, [?33] .
The efficiencies of these methods are different. All of them use the same objective, constraints subroutines. For a problem like this, which is highly non-linear, several local minima exist. They find different ones. The advantage of Particle swarm optimization is that it can find optimum for a nonconvex problem. It has found the minimum cost structure. Table 1 shows the single objective optima.
Description of methods is available in Jármai [28] . Weighting coefficients are similar to all four objectives 0.25 each. The objective functions are as follows:
Total cost of the structure in $, K (1 st ), Material cost of the structure in $, K m (2 nd ), Fabrication cost of the structure in $, K f (3 r d ), Painting cost in $, K p (4 th ). Table 2 shows the different multiobjective optima. The material cost is dominating, 55-65 % of the total cost. The other two objectives are around 35-45 %. The height of stiffener is nearly the same at all optima; the number of stiffeners and the shell thickness is changing on an opposite way due to the necessary stiffness. The greatest conflict is between the total and the painting costs. The painting cost minimum gives the greatest shell thickness t.
The optimization is performed using the Particle Swarm mathematical algorithm. The results are summarized in Table 2 .
Conclusions
Cylindrical shells stiffened outside by stringers are economic for axial compression and horizontal force with an active deflection constraint, but without a deflection constraint they are uneconomic. In order to decrease the welding cost, the stiffeners should have cross-sectional area as large as possible and should be welded to the shell with welds as small as possible, thus the outside halved rolled I-section stringers are advantageous for this purpose. It should be noted that cost savings cannot be achieved by stringers welded inside of the shell.
The decision support system, which contains several single and multiobjective optimization techniques, is an efficient tool for structural optimization. Using the same constraints, the optimizers can find the optima. If these optima are similar, or close to each other, the designer can be sure, that he has found, or is close to the global optimum. Discrete solutions are useful for the application of the results. The robustness of PSO is visible, when the problem is non-convex. In this case the material cost is dominant; the optima for the total and for the material cost min-imum are identical. Using different multiobjective optimization techniques, different weighting coefficients, we can get a great number of optima to get more information about the behaviour of the structure.
The PSO technique was found to be a robust method also for multiobjective optimization. Some of the objectives are in conflict. The material cost represents more than 60 % of the total cost. Optimization for the cost of forming the shell elements into the cylindrical shape, assembly and welding means a smaller shell thickness and more and larger stiffeners. Optimization for the painting cost means a thicker shell and less and smaller stiffeners.
Appendix
Approximate functions for dimensions t f , b and t w of UB profile series in function of h. 
